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Pb-Pb in each experiment



LHC Pb-Pb collisions



Pb Pb

Head-on collisions (5.5 TeV nuc-nuc)



1 PeV ‘fireballs’



Ultra-peripheral collision
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no ion break-up
low multiplicity



Ultra-peripheral collision
UPC J/ψ at central rapidity

Evgeny Kryshen 10

UPC central barrel trigger:
• 2 ≤ TOF hits ≤ 6 (|η| < 0.9)

+ back-to-back topology (150° ≤ ϕ ≤ 180°)
• ≥2 hits in SPD (|η| < 1.5)
• no hits in VZERO (C: -3.7 < η < -1.7, A: 2.8 < η < 5.1)

Integrated luminosity ~ 23 μb-1

electrons

muons

Eur. Phys. J. C73 (2013) 2617
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Heavy ion ‘photon collider’
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Worlds most powerful* flashlight
*GeV

RHICs ‘Gold Flashlight’-> LHCs ‘Lead Flashlight’



Heavy ion ‘photon collider’

Pb-Pb collisions are not optimized for 
typical beyond the SM searches

(low luminosity, lower per nucleon collision 
energy)

On our side: huge Z  enhancement 
                     extremely efficient bkg rejection 

4
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Enrico Fermi’s effective photons

Replace E and B fields 
with a flux of photons
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Enrico Fermi’s effective photons

Weizsäcker—Williams method

photon flux with given energy E
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Look down the beam pipe
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~b1

~b2

Look down the beam pipe

L��(ŝ) =
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2~b2dE1dE2N(E1,~b1)N(E2,~b2)

⇥P (|~b1 �~b2|)�(ŝ� 4E1E2)

‘No-breakup’ probability

Obtain γ-γ Lumi 

Restrict |~b1,2| > R



~b1

~b2

STARlight public code…
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‘No-breakup’ probability

Obtain γ-γ Lumi 

Restrict |~b1,2| > R

S. R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, and J. Butterworth 



Search for axion like particles

Sensitive to mass 
range M~GeV

e.g. pseudo Nambu-Goldstone boson from 
some spontaneously broken symmetry
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Figure 4. Left panel: Limits on a coupling to two hypercharge bosons. Right panel: Limits
on a coupling only to photons. The new LEP limits from 2 and 3 photon signatures are shaded
in green and enclosed by dashed and solid black lines, respectively. The future FCC-ee limit is
indicated by the red solid line. Our projected LHC sensitivity for 13 TeV and 100 fb�1 by the
blue line (only applicable to the coupling to hypercharge bosons). The rest of the figure is adapted
from [1, 3, 24–30].

particles have a definite energy given by the collider energy and for the measurements we

consider this was (nearly) mZ .

Aside from the di↵erence in production the analysis follows along similar lines as in

the previous subsection. To obtain the limits in this case we have simply rescaled the limits

with the appropriate lower ALP production cross section.

The resulting limits are shown in light green Fig. 4(b). Again the solid line indicates

the Z ! 3� measurement and the dashed one the Z ! 2� limit. As above we see that the

two photon measurement extends the reach to low masses. In the overlapping region our

limits are slightly weaker than those of [28] which also used data based on more integrated

luminosity at energies o↵ the Z-peak (since the production via photons is always o↵-shell

there is no special benefit in Z-peak data).

3 ALPs at LHC and Future Colliders

3.1 Future electron-positron machines

Let us first consider the sensitivity of future lepton colliders such as ILC [48, 49], CEPC [50],

and FCC-ee [51, 52]. For these the analysis that one can perform is exactly as in the

previous section and limits can be obtained for both the pure photon and the hyperacharge

coupling in Eq. (1.1).

Indeed with at FCC-ee running at the Z-peak we can hope for about 107 times as

many Z-bosons as were produced with LEP-I running at the Z-peak. Naively, we can scale

the improvement in the branching ratio as
p
NZ . We therefore expect that the branching

ratios could be improved by a factor 103�105. Accordingly the limits on the couplings are

– 6 –

Knapen, Lin, Lou, TM 16

Jaeckel, Spannowsky 15

1

2
(@a)2 � 1

2
m2

aa
2 � 1

4

a

⇤
F eF



Search for axion like particles

e.g. pseudo Nambu-Goldstone boson from 
some spontaneously broken symmetry

�

�

Pb

Pb

�

�

a

(a)

LSW

LH
C

C
D
FLEP

FCC-ee
projection

SN1987a

Y→inv.

SN1987a

e+e-→inv.+γ

HB stars

Cosmology

CAST
+

SUMICO

Beam
dum

p

-12 -9 -6 -3 0 3 6 9 12
-12

-9

-6

-3

0

Log10ma[eV]

Lo
g
10
g

aγ
γ
[G
eV

-1
]

(b)

Figure 4. Left panel: Limits on a coupling to two hypercharge bosons. Right panel: Limits
on a coupling only to photons. The new LEP limits from 2 and 3 photon signatures are shaded
in green and enclosed by dashed and solid black lines, respectively. The future FCC-ee limit is
indicated by the red solid line. Our projected LHC sensitivity for 13 TeV and 100 fb�1 by the
blue line (only applicable to the coupling to hypercharge bosons). The rest of the figure is adapted
from [1, 3, 24–30].

particles have a definite energy given by the collider energy and for the measurements we

consider this was (nearly) mZ .

Aside from the di↵erence in production the analysis follows along similar lines as in

the previous subsection. To obtain the limits in this case we have simply rescaled the limits

with the appropriate lower ALP production cross section.

The resulting limits are shown in light green Fig. 4(b). Again the solid line indicates

the Z ! 3� measurement and the dashed one the Z ! 2� limit. As above we see that the

two photon measurement extends the reach to low masses. In the overlapping region our

limits are slightly weaker than those of [28] which also used data based on more integrated

luminosity at energies o↵ the Z-peak (since the production via photons is always o↵-shell

there is no special benefit in Z-peak data).

3 ALPs at LHC and Future Colliders

3.1 Future electron-positron machines

Let us first consider the sensitivity of future lepton colliders such as ILC [48, 49], CEPC [50],

and FCC-ee [51, 52]. For these the analysis that one can perform is exactly as in the

previous section and limits can be obtained for both the pure photon and the hyperacharge

coupling in Eq. (1.1).

Indeed with at FCC-ee running at the Z-peak we can hope for about 107 times as

many Z-bosons as were produced with LEP-I running at the Z-peak. Naively, we can scale

the improvement in the branching ratio as
p
NZ . We therefore expect that the branching

ratios could be improved by a factor 103�105. Accordingly the limits on the couplings are

– 6 –

Knapen, Lin, Lou, TM 16

Jaeckel, Spannowsky 15

1

2
(@a)2 � 1

2
m2

aa
2 � 1

4

a

⇤
F eF

�a =
8⇡2

ma
�(a ! ��)L��(m

2
a)

� =
1

64⇡

m3
a

⇤2



How to trigger?

Two photons with E > 2 GeV and no hadronic 
activity in one of the forward calorimeters

One photon E > 5 GeV and no hadronic 
activity in one of the forward calorimeters

Two new triggers prepared (CMS Ultra-Peripheral 
Collisions working group analysis, to appear)



UPC J/ψ at central rapidity

Evgeny Kryshen 10

UPC central barrel trigger:
• 2 ≤ TOF hits ≤ 6 (|η| < 0.9)

+ back-to-back topology (150° ≤ ϕ ≤ 180°)
• ≥2 hits in SPD (|η| < 1.5)
• no hits in VZERO (C: -3.7 < η < -1.7, A: 2.8 < η < 5.1)

Integrated luminosity ~ 23 μb-1

electrons

muons

Eur. Phys. J. C73 (2013) 2617

It’s like LEP!  
..but with LHC-grade detectors
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Backgrounds

CEP (Central exclusive 
production)

CMS 7 TeV, 36 pb-1

In p-p collisions: theory 
and expt. upper bound

L. A. Harland-Lang, V. A. Khoze, M. G. Ryskin, and W. J. Stirling (2010-)         
—SuperCHIC



Backgrounds

CEP (Central exclusive 
production)

Scale to Pb-Pb? 
Uncertain, but even A  
scaling it is small and 
largely reducible 0.0 0.5 1.0 1.5 2.0

pT�� (GeV)
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ALP signal
CEP background

50 MeV ~ 1 / RPb 
1 GeV ~ 1/ Rp

A   more reasonable?

2

1/3

L. A. Harland-Lang, V. A. Khoze, M. G. Ryskin, and W. J. Stirling (2010-)         
—SuperCHIC



Backgrounds
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e+

e�

(fake)

(fake)

Fakes

This process has a cross section 
around 0.1-1 millibarn

Assuming ~1% fake rate, this is in 
the 10-100 nb region

S. R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, and J. Butterworth 

—STARlight
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LBL (Light by light)

ATLAS-CONF-2016-111
New!

4.4 sigma 
observation

~50 nb cross 
section

D. d’Enterria and G. G. da Silveira (2013)

Z. Bern, A. De Freitas, L. J. Dixon, A. Ghinculov, and H. L. 
Wong (2001) 



Injected signal
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FIG. 2. The dominant backgrounds to the ALP signal come
from light-by-light scattering in ultra-peripheral Pb-Pb colli-
sions, and e+e� pair production where both electrons fake a
photon.

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake di-
photon production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m

��

. The second background comes from photon fakes
due to electrons.

Due to the Z

4 enhancement of the photon flux, the ir-
reducible dominant background comes from light-by-light
scattering (LBL), which is yet to be observed in heavy-ion
collisions [23, 26, 27]. This process is shown on the left-
hand side of Fig. 2. We have computed the rate for LBL
in the equivalent photon approximation using the one-
loop matrix element for massless fermions [28] and find
reasonably good agreement with the more detailed calcu-
lations in [26, 27]. Such a background is irreducible but
follows a continuum (except for small e↵ects at around
the bb̄ threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
Pomeron-Pomeron fusion. (Pomeron-� fusion to �� is
forbidden by charge conjugation.) For p-p collisions,
this process has been calculated [29–31] and constrained
experimentally at 7 TeV p-p collisions with CMS [22].
To the best of our knowledge, no prediction is currently
available for the analogous process in heavy-ion collisions.
However, one can attempt to estimate such a contribu-
tion in Pb-Pb collisions by rescaling the p-p prediction
with ⇠ A

1/3. Here the reasoning is that due to the short-
range nature of Pomeron exchanges, only the outermost
nucleons contribute to the interaction (see e.g. [3]). This
background is then negligible compared to light-by-light
scattering. (Detailed estimates have been performed for
Higgs [32] and meson production [33] in Pb-Pb collisions;
in both cases, Pomeron-initiated contributions are negli-
gible compared to the analogous �-initiated process.)

A second hadronic background comes from exclusive
production of mesons with substantial branching frac-
tions to photons. We consider exclusive ⇡

0

⇡

0 production
as an example process in this category. Using the to-
tal rate computed in [34], we find the fiducial rate after
our cuts to be less than 1 nb. In this estimate we also as-
sumed that two photons for which �R < 0.1 are resolved
as a single photon. Backgrounds from radiative decays
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FIG. 3. Di↵erential cross section for signal and background.
Shown from bottom to top are the stacked background distri-
butions for bremsstrahlung photons from electrons (purple),
fake photons from electrons (blue) and light-by-light scatter-
ing (LBL) (green). The red (orange) line shows an injected
signal with a 5 nb production cross section and at ma = 15
GeV (40 GeV) with a 0.5 GeV energy resolution.

of the ⌥ were found to be even smaller.

An important reducible background could come from
e

+

e

� pair production [35], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel
in Fig. 2) is as large as 320 µb, as computed with the
STARlight package. This large e

+

e

� rate implies that
it is essential to keep the mis-tag rate su�ciently low.
With an estimated 1% mis-tag rate for each electron this
process provides a small but non-negligible background,
as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in ex-
clusive e

+

e

� production [39] (bremsstrahlung photons
from the ions themselves only have p

T

. 1/R

A

⇠ 60
MeV). Events where the e

+

e

� tracks are lost or where
both leptons go down the beampipe can then contribute
to the background for the �� search. To estimate this
contribution, we compute the di↵erential cross section for
�� ! e

+

e

�
�� for fixed

p
ŝ with MadGraph [40] and subse-

quently reweight the cross section with the Pb-Pb photon
luminosity function, as discussed in Section II. We hereby
require both e

+

e

� to have high rapidity |⌘| > 2.5, while
the photons are required to pass the cuts specified above.
Even though the total rate for this process is rather high,
we find the fiducial rate to be small, as shown in Fig. 3.

The relevant exclusive backgrounds and some exam-
ple signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb�1 and for m

��

& 15 GeV, we find
the expected background to be smaller than 1 event/0.5
GeV.

�

�

Pb

Pb

�

�

a

Further cuts: |⌘� | < 2.5 |��� ⇡| < 0.04
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FIG. 4. Left: Expected sensitivity to the operator 1

4

1

⇤

aF F̃ in heavy-ion UPCs at the LHC (green solid and dashed curves,
for a Pb-Pb luminosity of 1 nb�1 and 10 nb�1, respectively). Shown for comparison is the limit from 36 pb�1 of exclusive p-p
collisions [22] (red dot-dash). New and updated exclusion limits from LEPII (OPAL 2�, 3�) [24] and from the LHC (ATLAS 2�,
3�) [36, 37] are indicated by the various shaded regions (see text). Right : The analogous results for the operator 1

4 cos

2 ✓W

1

⇤

aBB̃.

The LEPI, 2� (teal shaded) region is taken from [38].

IV. RESULTS AND DISCUSSION

The ALP parameter space is already substantially con-
strained by cosmological and astrophysical observations,
as well as by a broad range of intensity frontier experi-
ments (see e.g. [41] for a review). In the regime of interest
for UPCs (1 GeV . m

a

. 100 GeV), the existing con-
straints however come from LEP and LHC [38, 42, 43].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb�1) and the high luminosity
(10 nb�1) Pb-Pb runs.1 For each mass point we com-
puted the expected Poisson limit [44] assuming the entire
signal falls into a bin equal to twice the mass resolution.
We also show the analogous limit from the p-p analysis
performed by CMS [22], although we find it is not com-
petitive with other LHC limits. For the BB̃ operator, the
expected limits from heavy-ion collisions are competitive
with the other collider limits, whereas for the FF̃ oper-
ator they are significantly stronger.

The existing exclusion limits come from beam dumps
[45, 46], LEPII [24] and the (p-p) LHC [36, 37]. For the
LHC three photon search, we recast the published limits
on the Higgs decay h ! aa ! 4� in [37] by rescaling the
acceptances for the cuts from the Higgs model to the case
of associated production of the ALP with a photon. (This

1

Even though the integrated luminosity is higher, the expected

limits from the p-Pb runs are not competitive due to a less favor-

able Z2

scaling of the rate. Collisions of lighter ions, e.g. Ar-Ar,

could be competitive if the integrated luminosity is increased by

two to three orders of magnitude compared to Pb-Pb.

is possible since Ref. [37] only requires three rather than
four photons.) There should also exist an LHC limit for
m

a

& 60 GeV, but with the available public information
we were not able to reliably extract it (see e.g. [38, 42, 43]
for projected limits). For the BB̃ operator we also show
the limit from Z

0 ! a� [37], which we cut o↵ at m

a

⇡ 70
GeV due to the p

�

T

> 17 GeV cut in [37].

For the mass region 50MeV–8 GeV, we derive a new
exclusion limit on the aF F̃ operator from associated pro-
duction, e

+

e

� ! �a ! 3�, by utilizing data from the
OPAL inclusive 2� search [24]. For such ALP masses
the decay photons are collimated but no explicit photon
isolation is required in [24]. This improves on previous
limits from associated production [38], which were de-
rived using LEPI data.

Below m

a

. 5 GeV the signal in Fig. 1 falls below the
trigger thresholds, and it is an interesting puzzle as to
how the reach can be extended to this regime. To fur-
ther probe this region with Pb-Pb collisions, we consid-
ered: i) an o↵-shell a would provide a new contribution
to light-by-light scattering; ii) associated production, for
example with electrons �� ! a e

+

e

�; and, iii) ALP pair-
production �� ! aa. Unfortunately, these signal cross
sections do not provide enough sensitivity compared to
existing constraints: for ⇤ = 1 TeV we find 0.004 nb,
0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
at the LHC can provide the best limits on ALP-photon
couplings for 5GeV < m

a

< 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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IV. RESULTS AND DISCUSSION

The ALP parameter space is already substantially con-
strained by cosmological and astrophysical observations,
as well as by a broad range of intensity frontier experi-
ments (see e.g. [41] for a review). In the regime of interest
for UPCs (1 GeV . m

a

. 100 GeV), the existing con-
straints however come from LEP and LHC [38, 42, 43].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb�1) and the high luminosity
(10 nb�1) Pb-Pb runs.1 For each mass point we com-
puted the expected Poisson limit [44] assuming the entire
signal falls into a bin equal to twice the mass resolution.
We also show the analogous limit from the p-p analysis
performed by CMS [22], although we find it is not com-
petitive with other LHC limits. For the BB̃ operator, the
expected limits from heavy-ion collisions are competitive
with the other collider limits, whereas for the FF̃ oper-
ator they are significantly stronger.

The existing exclusion limits come from beam dumps
[45, 46], LEPII [24] and the (p-p) LHC [36, 37]. For the
LHC three photon search, we recast the published limits
on the Higgs decay h ! aa ! 4� in [37] by rescaling the
acceptances for the cuts from the Higgs model to the case
of associated production of the ALP with a photon. (This

1

Even though the integrated luminosity is higher, the expected

limits from the p-Pb runs are not competitive due to a less favor-

able Z2

scaling of the rate. Collisions of lighter ions, e.g. Ar-Ar,

could be competitive if the integrated luminosity is increased by

two to three orders of magnitude compared to Pb-Pb.

is possible since Ref. [37] only requires three rather than
four photons.) There should also exist an LHC limit for
m

a

& 60 GeV, but with the available public information
we were not able to reliably extract it (see e.g. [38, 42, 43]
for projected limits). For the BB̃ operator we also show
the limit from Z

0 ! a� [37], which we cut o↵ at m

a

⇡ 70
GeV due to the p

�

T

> 17 GeV cut in [37].

For the mass region 50MeV–8 GeV, we derive a new
exclusion limit on the aF F̃ operator from associated pro-
duction, e

+

e

� ! �a ! 3�, by utilizing data from the
OPAL inclusive 2� search [24]. For such ALP masses
the decay photons are collimated but no explicit photon
isolation is required in [24]. This improves on previous
limits from associated production [38], which were de-
rived using LEPI data.

Below m

a

. 5 GeV the signal in Fig. 1 falls below the
trigger thresholds, and it is an interesting puzzle as to
how the reach can be extended to this regime. To fur-
ther probe this region with Pb-Pb collisions, we consid-
ered: i) an o↵-shell a would provide a new contribution
to light-by-light scattering; ii) associated production, for
example with electrons �� ! a e

+

e

�; and, iii) ALP pair-
production �� ! aa. Unfortunately, these signal cross
sections do not provide enough sensitivity compared to
existing constraints: for ⇤ = 1 TeV we find 0.004 nb,
0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
at the LHC can provide the best limits on ALP-photon
couplings for 5GeV < m

a

< 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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IV. RESULTS AND DISCUSSION

The ALP parameter space is already substantially con-
strained by cosmological and astrophysical observations,
as well as by a broad range of intensity frontier experi-
ments (see e.g. [41] for a review). In the regime of interest
for UPCs (1 GeV . m

a

. 100 GeV), the existing con-
straints however come from LEP and LHC [38, 42, 43].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb�1) and the high luminosity
(10 nb�1) Pb-Pb runs.1 For each mass point we com-
puted the expected Poisson limit [44] assuming the entire
signal falls into a bin equal to twice the mass resolution.
We also show the analogous limit from the p-p analysis
performed by CMS [22], although we find it is not com-
petitive with other LHC limits. For the BB̃ operator, the
expected limits from heavy-ion collisions are competitive
with the other collider limits, whereas for the FF̃ oper-
ator they are significantly stronger.

The existing exclusion limits come from beam dumps
[45, 46], LEPII [24] and the (p-p) LHC [36, 37]. For the
LHC three photon search, we recast the published limits
on the Higgs decay h ! aa ! 4� in [37] by rescaling the
acceptances for the cuts from the Higgs model to the case
of associated production of the ALP with a photon. (This

1

Even though the integrated luminosity is higher, the expected

limits from the p-Pb runs are not competitive due to a less favor-

able Z2

scaling of the rate. Collisions of lighter ions, e.g. Ar-Ar,

could be competitive if the integrated luminosity is increased by

two to three orders of magnitude compared to Pb-Pb.

is possible since Ref. [37] only requires three rather than
four photons.) There should also exist an LHC limit for
m

a

& 60 GeV, but with the available public information
we were not able to reliably extract it (see e.g. [38, 42, 43]
for projected limits). For the BB̃ operator we also show
the limit from Z

0 ! a� [37], which we cut o↵ at m

a

⇡ 70
GeV due to the p

�

T

> 17 GeV cut in [37].

For the mass region 50MeV–8 GeV, we derive a new
exclusion limit on the aF F̃ operator from associated pro-
duction, e

+

e

� ! �a ! 3�, by utilizing data from the
OPAL inclusive 2� search [24]. For such ALP masses
the decay photons are collimated but no explicit photon
isolation is required in [24]. This improves on previous
limits from associated production [38], which were de-
rived using LEPI data.

Below m

a

. 5 GeV the signal in Fig. 1 falls below the
trigger thresholds, and it is an interesting puzzle as to
how the reach can be extended to this regime. To fur-
ther probe this region with Pb-Pb collisions, we consid-
ered: i) an o↵-shell a would provide a new contribution
to light-by-light scattering; ii) associated production, for
example with electrons �� ! a e

+

e

�; and, iii) ALP pair-
production �� ! aa. Unfortunately, these signal cross
sections do not provide enough sensitivity compared to
existing constraints: for ⇤ = 1 TeV we find 0.004 nb,
0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
at the LHC can provide the best limits on ALP-photon
couplings for 5GeV < m

a

< 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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